Sindbis virus, the prototype of the alphaviruses, is structurally simple. It contains a host-derived lipid membrane with 240 copies each of two envelope glycoproteins. The envelope surrounds a nucleocapsid which is composed of 240 copies of a single capsid protein associated with a single strand of positive polarity (infectious) RNA (53, 55) .
Sindbis virus, the prototype of the alphaviruses, is structurally simple. It contains a host-derived lipid membrane with 240 copies each of two envelope glycoproteins. The envelope surrounds a nucleocapsid which is composed of 240 copies of a single capsid protein associated with a single strand of positive polarity (infectious) RNA (53, 55) .
The envelope proteins are organized as heterodimers (45) , which clearly appear arranged as a T = 4 icosahedron (55) . However, the arrangement of protein within the nucleocapsid is not as clear. It has been reported to conform to either T = 3 (15, 18, 25) or T = 4 (12, 13, 25, 54) symmetry.
The nucleocapsids of alphaviruses are unique in that the RNA and protein condense into a tightly packed but RNasesensitive spherical structure in the absence of the virus envelope (1, 11, 51) . The condensation reaction is highly specific and extremely rapid (50) . The nucleocapsids derive their structure from both the RNA and the protein. Image reconstruction of Sindbis virus virions that have been examined by cryoelectron microscopy suggests that the nucleocapsid is an open fenestrated structure (18) . A significant amount of the RNA appears to be present at the surface of the nucleocapsid as revealed by the ability to generate empty protein shells by treating extensively cross-linked nucleocapsids with RNases (13) , the ability to demonstrate sensitivity of the RNA in virus particles that have been treated with complement and anti-Sindbis virus antibodies (52) , and preferential staining of the exterior of nucleocapsids in thin sections ( Fig. 10 in reference 38 ). Particular domains of the capsid proteins also are exposed on the surface of the nucleocapsid as revealed by associations between capsid and envelope proteins during maturation (47) and the ability to cross-link together the capsid and envelope proteins in intact virions (20) , cross-link adjacent capsid proteins in purified nucleocapsids (13) , and radioiodinate surface components of intact nucleocapsids with lactoperoxidase (12) . The capsid protein may serve to organize the RNA at the surface with protein-protein interactions that are located in the interior, organizing the protein-RNA complex into an icosahedron, while exterior protein domains direct the binding of the structure to the cytoplasmic tail of the PE2/E2 envelope protein precursor to initiate envelopment (19, 47) .
Newly synthesized nucleocapsids are stable structures, easily observed in electron micrographs of infected cells, and readily isolated in gradients. The nucleocapsids remain stable within mature virions and after the lipid envelope has been gently removed by various detergents (11, 24, 53) . However, upon passing into the cytoplasm of a cell during infection, these structures fall apart rapidly, indicating that they have lost their stability. The capsid protein which makes up the nucleocapsid carries out a large number of functions during the replicative cycle of the virus. The protein appears to cleave itself from the nascent potyprotein during translation (9, 48) . It associates specifically in vivo with 42S positive polarity genomic RNA and other copies of capsid protein to form nucleocapsids. In its condensed state in the nucleocapsid, the capsid protein specifically recognizes regions of the plasma membrane which contain virus envelope proteins (47) . The nucleocapsid also appears to undergo conformational changes as it buds from the host plasma membrane (11) .
In an effort to elucidate the structure-function relationships that regulate the changes in stability and conformation of the nucleocapsid at various times in the virus replicative cycle, we have examined the changes that take place in the nucleocapsid after treatment of this structure with various disruptive agents. This approach, which generally involves velocity ultracentrifugation, electron microscopic examination, or both, has been successfully used to describe the interactions within a large number of virus particles (for examples, see references 3, 10, 29, 30, 32, 42 (51) . These studies indicated that Semliki Forest virus nucleocapsids and Sindbis virus nucleocapsids behaved differently under similar conditions, which suggests that the capsid protein is folded differently in the two systems. Alternatively, the differences may have been caused by unequal partial digestion of these RNase-sensitive structures in buffers that lacked efficient RNase inhibitors. We have recently developed a method for the preparation of highly-purified Sindbis virus nucleocapsids which contain intact RNA (12) . We have repeated and extended the experiments of Soderlund and co-workers (51) and examined protein-protein topography in disrupted nucleocapsids with protein-specific cross-linking agents to further characterize the interactions that are responsible for maintaining the mosaic of surface RNA and protein in these icosahedral structures and to elucidate the mechanisms that are responsible for directing the conformational changes that take place in the nucleocapsid structure during the virus replicative cycle.
MATERIALS AND METHODS
Cells, virus, and medium. BHK-21 cells were grown as monolayers in Eagle minimal essential medium (14) supplemented with 10% fetal calf serum, 10% tryptose phosphate broth, and 1 mM glutamine as previously described (49 sids were treated with disruptive agents as described above and were cross-linked as described below to examine the aggregation of the proteins.
Cross-linking of capsid proteins. The cross-linking of capsid proteins in intact Sindbis virus nucleocapsids has been previously described (13) . For this study, the 6-A (0.6-nm) agent disuccinimnidyl tartarate was used at a final concentration of 2.5 mM, and the 13-A (1.3-nm) agent bis[2-(succinimidooxycarbonyloxy)ethyl]sulfone (BSOCOES) was used at a final concentration of 1 mM. Nucleocapsid concentrations were kept sufficiently low (<100 ,ug/ml) to minimize interactions between proteins on different nucleocapsids. We have shown that these concentrations of respective agents generate optimum cross-linking of intact Sindbis virus nucleocapsids (13) . Immediately before they were used, the agents were dissolved in dimethyl sulfoxide to make 500-mM stock solutions. These stocks were diluted into TN buffer to arrive at the final working concentration of the agents, with the exception of the cross-linking of structures that had been treated at pH 6. For these samples, cross-linker stocks were diluted into 100 mM CAPS (3-[cyclohexylamino]-1-propanesulfonic acid)-100 mM NaCl (pH 10.5) so that addition of the appropriate amount of cross-linker would raise the final reaction pH to 7.5. Cross-linking reactions were carried out, quenched with glycine, and prepared for electrophoresis as previously described (13) . Each of the cross-linking agents was capable of functioning under all of the experimental conditions described above, as determined by the abilities of the agents to generate cross-linked, higher-order protein oligomers in a concentrated solution of lysozyme protein under the same dissociating conditions. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Nucleocapsid samples were prepared for electrophoresis by boiling them for 3 min in a sample buffer containing 1% SDS and 1.5% dithiothreitol in 0.24 M Tris (pH 6.8). Polypeptides were resolved in SDS-PAGE with a 5 to 15% concentration gradient (14 by 12 by 0.15 cm), using the discontinuous buffer system of Laemmli (34) . After electrophoresis, slabs were fixed in 10% trichloroacetic acid and impregnated with diphenyloxazole (5). Gels were fluorographed (Kodak X-Omat AR X-ray film; Eastman Kodak, Rochester, N.Y.), and gel lanes were scanned with an LKB Ultroscan XL laser densitometer to quantitate products. Electron microscopy. Electron microscope grids (400-mesh copper) were covered with a thin carbon film that had been cast onto freshly cleaved mica. The carbon-coated grids were glow discharged immediately prior to use (43) . Samples were attached to the grids by placing the grids (carbon side down) onto 30-,ul droplets of various samples. After allowing samples to attach, grids were fixed in 1% glutaraldehyde (pH 7.5), washed with distilled H20, and negatively stained by a 3-s exposure to 0.5% aqueous uranyl formate. Samples were examined in a JEM-100CX electron microscope operating at an accelerating voltage of 80 kV. Purified nucleocapsids were treated as described above, attached to electron microscope grids, fixed with 2% glutaraldehyde, and negatively stained by a 3-s exposure to 0.5% aqueous uranyl formate. Magnification: C and D, x82,000; E and F, x205,000. Nucleocapsids were either nontreated control (C) or treated with 5 mM Mg24 (D). E and F, Disrupted and partially disrupted structures, respectively. (E) Enlargements are shown of disrupted (E) and partially disrupted (F) structures designated as E and F, respectively, in Fig. 1D . (G) SDS-PAGE of disrupted cross-linked nucleocapsid structures.
[35S]methionine-labeled nucleocapsids were treated with various concentrations of Mg24 and then were cross-linked with either 2.5 mM of the 6-A agent disuccinimidyl tartarate (D) or 1 mM of the 13-A agent BSOCOES (B). Reactions were quenched, 1/4 volume of Sx electrophoresis sample buffer was added, and samples were boiled and resolved in a 5 to 15% concentration gradient SDS-PAGE. The gel was fluorographed, and lanes were scanned with a densitometer to quantitate various products. The numbers at the right of the gel represent the number of proteins making up the respective oligomeric species.
had been treated with 25 mM EDTA, compared with that in nontreated nucleocapsids (data not shown).
Addition of divalent cations produced a striking effect on the sedimentation characteristics of the nucleocapsids (Fig.   1B) . A concentration of 1 mM Mg24 had no significant effect on either the sedimentation rate or relative amount of material in the peak. However, at concentrations of 5 mM or higher, the structures sedimented faster. At 25 63, 1989 material could be recovered in the nucleocapsid region of the gradient. In contrast to nontreated nucleocapsids which appeared as discrete intact particles in the electron microscope (Fig. 1C) , nucleocapsids which had been treated with 5 mM Mg2" became partially dissociated (Fig. 1D ). These partially dissociated structures contained a number of discernible substructures. The substructures (average diameter of 7 nm) were found as either the predominant species (Fig.  1E ) or still particle associated (Fig. 1F, arrowhead) . These substructures were similar in size to those that were observed in freeze-etch preparations of Sindbis virus nucleocapsids (6) and are reminiscent of the beaded strands that have been described when nucleosomes and adenovirus cores are partially dissociated (28, 56) . Assuming that the Sindbis virus nucleocapsid 7-nm substructures are roughly spherical, they had a calculated volume of about 1.8 x 102 nm3, about three to five times the calculated volume of each capsid protein, depending upon the compactness of the protein (as previously described [12] ). This suggests that the 7-nm-diameter structures represented aggregates of capsid protein, possibly with associated RNA. This possibility was examined by exposing Mg2+-treated nucleocapsids to crosslinking agents (Fig. 1G) .
We have previously shown that sufficiently concentrated solutions of lysozyme protein (-50 mg/ml) will generate cross-linked oligomeric species after exposure of the solution to various cross-linking agents (13) . To determine the ability of these cross-linking agents to generate cross-links under the various conditions used in the present study, a concentrated solution of lysozyme protein was subjected to cross-linking under identical dissociating conditions. This sample generated cross-linked species under all tested conditions (data not shown). Therefore, the agents were capable of producing cross-linked species in all the conditions that are shown below. The treatment of intact Sindbis virus nucleocapsids with the 13-A cross-linking agent BSOCOES generated a series of oligomeric species ranging from monomer up to greater than 9-mer, as has been previously reported (13) . The inability of the 6-A agent disuccinimidyl tartarate to generate cross-linked products in nontreated structures in this study may be a function of its extremely narrow range of effective concentration (13) . There was no observable difference in the types of products that were formed when nucleocapsids that had been treated with either 0, 1, or 5 mM Mg2+ were cross-linked. The generation of higher-order oligomers of capsid protein in these partially unraveled nucleocapsids indicated that the proteins remained associated in the nucleocapsid. Higher-order oligomeric species were not observed when 25 mM Mg2+-treated nucleocapsids were cross-linked, even in gels that had been exposed for longer periods of time, which indicated that adjacent capsid proteins were greatly displaced when nucleocapsids were disrupted with 25 mM Mg2+.
The dissociative effects were not specific for magnesium cations. Similar effects were seen when Ca2+ was tested.
When EDTA was mixed with divalent cations prior to their addition to nucleocapsids, there was no detectable effect on the sedimentation of the structures, which indicated that the disruption was mediated by the divalent cations rather than by another component of the reaction mixture.
Nucleocapsids are unraveled by formamide. Concentrations of formamide (an efficient competitor of hydrogen bonding) of 10% or less produced no detectable differences in either sedimentation, morphology, or aggregation state of capsid protein (Fig. 2) . A 20% concentration of formamide caused a partial disruption of the nucleocapsid ( Fig. 2A and   D (Fig. 1F) and the beadedstrand structures (Fig. 1E) . Cross-linking of nucleocapsids that had been treated with 25% formamide revealed few resolvable products larger than trimer (Fig. 2H) .
Nucleocapsids that had been treated with either divalent cations or formamide became partially dissociated. Under some conditions (i.e., disruption with 5 mM Mg2"), some of these structures were similar in appearance to those formed when adenovirus cores and nucleosomal chromatin are dissociated with elevated concentrations of salt. The saltdependent dissociation of these DNA-protein complexes has been previously described (28, 56) . To further investigate the nature of the RNA-protein arrangement in Sindbis virus nucleocapsids and to compare it with that of the DNAprotein arrangement in chromatin and adenovirus cores, Sindbis virus nucleocapsids were treated with various concentrations of salt (see below). Nucleocapsids are disrupted by high salt concentrations. The integrity of the nucleocapsid was affected by the concentration of salt (Fig. 3) . NaCl concentrations of 10 mM led to noticeable decreases in sedimentation rate. However, there were no detectable differences in either morphology when structures were treated with 10 or 100 mM salt, fixed, and examined in the electron microscope or in proteinprotein topography as revealed by cross-linking (data not shown). Therefore, the alteration in sedimentation rate may have been caused by differences in the contributing effects of surface charge on the particles in media of different ionic strength (36) . The sedimentation rate of nucleocapsids also decreased as the concentration of salt was increased. Nucleocapsids were disrupted by salt concentrations .1 M, with the protein and RNA components becoming separated. No protein peak was detected at salt concentrations .1 M.
Salt-treated nucleocapsids were fixed, stained, and examined in the electron microscope. Structures that had been treated with salt concentrations between 0.4 M and 1 M appeared to shrink and stain positively with uranyl formate (Fig. 3F and G) . This suggests that as the particles shrank more of the stainable RNA was extruded from them. The extrusion of the RNA may also explain the apparent contradiction of compressed nucleocapsids sedimenting more slowly than nontreated structures. Positively stained virus particles are characteristically smaller than negatively stained particles (compare 3D with 3E) (13, 33) . Negatively stained particles had an average cross-sectional diameter of 38 nm. The positively stained untreated particles had an average cross-sectional diameter of about 34 nm, which is nearly equivalent to the value obtained when freeze-dried particles are shadowed or when negatively stained particles are corrected for the apparent size increase associated with drying (12) . Structures that had been treated with 0.4 M NaCl shrank to a diameter of about 30 nm (corresponding to a calculated volume of about 1.41 x 104 nm3, about 69% the volume of a nontreated structure), and particles that had been exposed to 0.75 M NaCl shrank further to a diameter of about 28 nm (corresponding to a calculated volume of about 1.15 x 104 nm3, about 56% the volume of nontreated structures). As described previously, the calculated volume that the RNA and all 240 capsid protein molecules would occupy would be about 1.44 x 104 nm3 (12) , more than what appears to be available in either of the salt-treated structures. These calculations suggest one or more of the following. (i) All or most of the RNA was extruded (some of which, indicated by the arrowheads in Fig. 3F and G Fig. 2D. (H) [35S]methionine-labeled nucleocapsids were treated with the indicated concentrations of formamide, cross-linked, and analyzed as described in the legend to Fig. 1G . D, DST; B, BSOCOES. Numbers at the right represent number of proteins making up the respective oligomeric species. may still be bound to the extruded RNA). (iii) The protein or RNA also was compressed under these conditions. When nucleocapsids were treated with 1.2 M NaCl, they were disrupted (Fig. 3H) , forming aggregates that were similar to the structures produced by disruption of other nucleoprotein complexes such as adenovirus cores, simian virus 40 cores, and chromatin (7, 28, 56 (Fig. 3I) . Addition of 0.4 M NaCl had no apparent effect upon the arrangement of proteins, as indicated by the ability to detect oligomers greater than hexamers in these gels. In contrast to nontreated structures, nucleocapsids that had been treated with 0.75 M NaCl gave rise to higher-order oligomers after cross-linking with the shorter agent disuccinimidyl tartarate. This suggests that the reactive sites on adjacent proteins were brought closer together, which could have occurred as the nucleocapsid was compressed, as suggested by electron microscopy ( Fig.   FIG. 3 . Effect of salt concentration on nucleocapsid structure.
[35S]methionine-and [3H]uridine-labeled purified nucleocapsids were mixed with appropriate stock solutions to produce the indicated conditions and were sedimented and processed as described in Fig. 3A and B. Treated nucleocapsids were attached to microscope grids, fixed, and stained as described in the were treated with the indicated concentrations of NaCl, crosslinked, and analyzed as described in the legend to Fig. 1G .
3D through G). When structures were treated with 1.2 M NaCl and then cross-linked, no distinguishable products greater than hexamer were resolved, suggesting that the interactions between members of hexameric arrays were not affected by these conditions but that interactions between hexameric arrays were affected. This suggests that the types of capsid protein-protein interactions that make up the hexameric arrays are different from the type of proteinprotein interactions between arrays. These data suggest that the capsid protein is stripped from the RNA by salt concentrations .1 M (the same concentration that has been used to remove arginine-rich histones from nucleoproteins [39] ). These data also indicate the importance of salt bridges in the maintenance of a stable nucleocapsid structure.
Nucleocapsids are disrupted by altered pH levels. The sedimentation profiles of nucleocapsids were affected by pH levels (Fig. 4A) . Exposure of these structures to a pH range between 6.9 and 8.5 produced no detectable differences in sedimentation of the structures. However, pH values of 8.5 to 9.5 consistently led to slight alterations in sedimentation rate and an increase in the amount of material in the nucleocapsid peak ranging from about 1.3 times to approximately three times the amount present in the peak at physiological pH level (about 7.5) when the same amount of material was processed and loaded onto appropriate gradients. Larger alterations in sedimentation rate were observed outside the pH range of 6.9 to 9.5. A mildly low pH value (-6.5) led to a slightly faster sedimentation rate in the few structures that survived the treatment. No structures survived pH conditions that were more acidic (-6.0), in agreement with the reports of others (23) .
Alkaline pH conditions (-9.5) also caused structural changes in the nucleocapsid. These structures contained all of the RNA and protein but consistently sedimented more slowly than did control (pH 7.5) structures. The alteration was observed at pH 9.5 and became more pronounced at higher values (10.1 and 10.7), indicating greater disruption of nucleocapsids. However, this disruption could not be observed electron microscopically because of problems of stain distribution at these elevated pH values. The basic side chains of lysine and histidine residues are deionized at pH >10.6 and would not be expected to participate in salt bridges with either the RNA or negatively charged side J. VIROL. (44) . This hypothesis cannot be tested by treating nucleocapsids at a sufficiently high pH level because RNA is degraded after exposure to pH 11.5 (13, 46) . When nucleocapsids were treated at pH values of 6.0 or at pH values >-9.0 and then cross-linked, no higher-order oligomeric products were detectable (Fig. 4B) Removal of divalent cations appeared to have little effect on nucleocapsids, in apparent contradiction of earlier findings (51) . There are several explanations for the discrepancy in results. Until recently, methods were not available for the effective inhibition of exogenous and endogenous RNases. Nucleocapsid structures that were isolated may have been partially degraded so that they retained a spherical shape which, because of a different conformation that was induced by the loss of some RNA, reacted differently under the experimental conditions. In addition, nucleocapsids that had been purified by pelleting might behave differently from those that were maintained in suspension. Finally, this study separated the effect of low salt from that of the presence of EDTA, whereas the earlier study examined both together.
The nucleocapsid structure is sensitive to hydrogen bond competitors such as formamide, and salt bridge competitors such as divalent cations and high concentrations of added salt. Viruses in which the protein shell alone possesses the form-determining function, such as poliovirus (40) and cowpea chlorotic mottle virus (4) , are insensitive to even higher concentrations of these agents (32 (16, 26, 37, 41) . The histones consist of several types of proteins: those that are lysine-rich (21) and those that are arginine rich (2). The major adenovirus core proteins (V and VII) also are arginine rich (16, 37, 41) . Moderately low levels of salt (0.4 to 0.9 M) selectively remove the lysine-rich histones from chromatin but leave the arginine-rich histones attached (39) . Similar concentrations of salt cause a partial unraveling of the adenovirus core (as revealed by increased nuclease sensitivity), although the proteins remain attached to the DNA (56) . Both chromatin and adenovirus cores that had been treated with these levels of salt appeared as beaded strands, with the beads corresponding to the proteins (28, 56) . Similar morphologies have been described for detergent-disrupted adenovirus cores (7) . At still higher salt concentrations (>1 M) the argininerich histones (39) and the arginine-rich adenovirus core proteins (56) are removed, leaving naked DNA. Sindbis virus nucleocapsids behave similarly when treated with increasing salt concentrations, as revealed by sedimentation characteristics, morphology, and the inability to generate cross-linked products larger than hexamer (Fig. 2) . This predicts that those portions of the capsid protein that are relatively rich in arginine residues are responsible for binding the RNA.
The ability to generate partially dissociated Sindbis virus nucleocapsids that resemble beaded-strand structures under some conditions that generate similar structures in nucleosomes and adenovirus cores, and the similarities in types of products generated after partial nuclease digestion of each of the different structures (8, 28, 31) proportions of oligomeric species larger than trimer, compared with the production of such species in cross-linked, nondisrupted nucleocapsids. This supports the hypothesis that the beads represent trimeric aggregates of capsid protein, possibly with associated RNA. These aggregates, which are formed during disassembly of the nucleocapsid under these experimental conditions, may represent the trimeric subunits which have been proposed as intermediates in the assembly of a T = 4 icosahedron (22) .
